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@ A fiber optic directional coupler comprises first and 
second strands 11 of single mode fiber optic material hav- 
ing a portion of the cladding 37 removed from one side 
thereof, and means 16 positioning the strands together 
with the portion of the strands where the cladding is re- 
moved in close facing proximity to each other to form a 
region 33 of Interaction in which light Is transferred be- 
tween the strands. Said strands diverge away from each 
other at the ends of the region of interaction, and the spac- 
ing between the core portions of the strands and the 
length of the regi9n of interaction Is such that the light 
makes a single transfer between the strands In the region 
of interaction. 
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FIBER OPTIC DIRECTIONAL COUPLER 

This invention pertains generally to fiber optic systems 
and more particularly to a device for coupling optical 
5 power between two strands of fiber optic material in a 
given direction of propagation, • 

Fiber optic systems are finding increasingly wide use for 
transmitting information in a niimber of fields. In communi- 

10 cations, for example, fiber optic strands are utilized in 
place of copper wires in telephone cables,. Fiber optics are 
also being used in data processing systems, other signal 
processing systems, and inter ferometric sensing systems. 
Fiber optics have a number of advantages over conventional 

15 wire conductors, such as small size, lower cost, less sus- 
ceptability to interference and higher transmission effi-. 
ciency. 

Most fiber optic systems in use today employ multimode 
20 propagation because such systems are easier and less ex- 
pensive to implement than single mode . systems . Single mode 
systems,, however, offer advantages such as greater infor- 
mation capacity and better coherence, and it is expected 
that single mode systems will be utilized more widely in the 
25 future.. 

In both multimode and single mode fiber optic systems, it is 
sometimes necessary to couple optical power between two 
fibers or strands. In multimode systems, this is relatively 
30 easy because of the relatively large (about 60 microns) core 
size of multimode fibers. In single mode systems, however, 
coupling is more difficult because of the relatively small 
core size (on the order of 10-15 microns or less) of the 
fibers. 

35 

Heretofore, there have been some attempts to provide directi 
onal couplers for single mode fiber optic systems. These 
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have included micro-optic couplers in which wave guides 
are formed in planar substrates, and so called "bottle 
couplers" in which two fibers are twisted together in a 
glass tube and etched to remove the cladding. Each of these 
5 couplers, however,. has certain limitations and disadvan- 
tages Micro-optic couplers have relatively high input, and 
output coupling losses and internal losses / and they tend 
to be sensitive to the polarization of the light being 
transmitted. Bottle couplers are mechanically unstable, 
10 fragile, and have a moderately high throughput loss. 

Another type of coupler heretofore employed in single mode 
fiber optic systepis is an end face coupler in which two. 
fibers are cut at an angle .and brought together along a dia- 
15 metric line at one end of the fibers. These two fibers butt 
against the end of a third fiber to form a three port * 
device or power splitter. 

There have also been some attempts to make a single mode 
20 directional coupler by removing a portion of the cladding 
-from two generally parallel single mode fibers in order to 
bring the cores close enough together to transfer light 
between the strands. However, to the best of applicants* 
knowledge, 'n5''6ne prior to the present invention has been 
25 able to build a successful coupler for single mode opera- 
tion utilizing this technique. 

It is in general an object of the Invention to provide a 
new and improved fiber optic directional coupler and method 
30 of manufacture* 

Another object of the invention is to provide a coupler of 
the above character which can be employed in a single mode 
fiber optic system as well as in multimode systems. 

35 

Another object of the invention is to provide a coupler of 
the above character in which the degree of coupling between 



- 3 - 



0038023 



two fiber optic strands can be adjusted over a relatively 
wide range. 

Another object of the invention is to provide a coupler of 
5 the above character which has a relatively low throughput 
loss. 

Another object of the invention is to provide a coupler of 
the above character which has a high degree of directivity. 

10 

Another object of the invention is to provide a coupler of 
the above character which has operating characteristics 
which are substantially independent of the polarization of 
the light being transiaitted. 

15 

Another object of the invention is to provide a coupler of 
the above character which is mechanically stable and dura- 
ble. . " 

20 These and other objects are achieved in accordance with the 
Invention by rerioving the material on one side of each of . 
two fiber optic strands / and positioning the' strands so that 
the two strands are aligned, with the cut away portions of 
the cladding facing each other and the distance between the 

25 core portions of the strands is within a predetermined 

critical zone which, for single mode fibers^ is typically 
less than a few (e.g. 2 to 3) core diameters. The amount of 
coupling can be varied by adjusting the relative positions 
and/or orientations of the strands. In one disclosed embodi- 

30 ment, each strand is mounted in a slot of varying depth in 
the generally planar face of a block, and material is re- 
moved simultaneously from the blobk and the strand \intil the 
desired amount of fiber optic material has been removed. In 
another embodiment, a plurality of strands are moxinted side- 

35 by-side on the curved surfaces of two blocks, and the clad- 
ding material is removed simultaneously from the outer 
sides of the strands on each block to form the desired 
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Figure 1 is a centerline sectional view, somewhat. schematic, 
of one embodiment of a coupling device according to the in- 
5 vention. 

Figure 2 is an enlarged fragmentary cross-sectional view, 
somewhat schematic, taken along line 2-2 in Figure !• 

10 Figure 3 is an enlarged fragmentary view, somewhat schema- 
tic, taken along line 3-3. in Figur? 1. , 

Figure 4 is an- isometric vi^w of one of the blocks pn which 
the fiber optic strands are mounted in the embodiment of 
1 5 Figure 1 • 

Figure 5 is a side elevational view, somewhat schematic, of 
a .second embodiment of a coupling device according to the 
Invention, 
20 . . 

Figure 6. is a crossrs.ectidnal . view, sojtiewhat schematic, 
taken along line 6-6 in Figure 5. 

'Figure 7 is a block diagf ajn of a dynamically, variable f ibeiT 
25 Optic coupler utilizing a coupling device of the type shown 
in Figures 1-4. 

As illustrated in Figures 1-4, the coupler 10 includes two 
strands 11 of a single mode fiber optic material. Each 

30 strand comprises a single fiber of quartz glass which is 
doped to have a central core portion 12 and an outer clad- 
ding 13. For single mode operation, the core typically has 
a diameter on the order of 10-15 microns or less, and the 
cladding has a diameter on the order of 125 microns. In 

35 Figure 1 the diameter of the strands is exaggerated for 

clarity of illustration, and in Figures 2-3 the diameter of 
the core is likewise exaggerated. While this particular 
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embodiment employs* single mode fibers having a step 
gradient, the invention is not 'limited to such fibers and 
can be employed advantageously with other fibers, e.g,, 
fibers having a more complex w-type doping and graded index 
5 raultimode fibers. 

Strands 11 are affixed to bases or blocks 16 having opti- 
cally flat confronting faces or surfaces 17. The strands 
are mounted in slots 18 which open through the confronting . 

10 faces, and they extend along generally parallel, inter- 
secting paths defined by the inner or bottom walls 19 of the 
slots. The primary function of the bases is to hold the 
strands, and the bases can be fabricated of any suitable / 
rigid material. In one presently preferred embodiment, the 

15 bases comprise generally rectangular blocks of fused quartz 
glass approximately 25,4 mm'long, 25,4 mm wide and 6,35 ram 
thick, and slots 18 are aligned with the sagital planes of 
the blocks. In' this embodiment, the fiber optic strands are 
secured in the slots by suitable cement 21 such as epoxy 

20 glue. One advantage of the- fused' quartz blocks is that .they 
have a coefficient of thermal expansion; similar to that of 
glass fibers, and this advantage is particularly important 
if the blocks and fibers are subjected to any heat treat- 
ment during .the manufacturing process. Another * suitable 

25 material for the blocks is silicon, which also has excellent 
thermal properties for this application. 

Slots 1 8 are deeper' toward the edges of the blocks than to- 
ward the center. With one of the blocks moxinted on the 

30 other .in an inverted position, both the bottom walls of the 
slots and the strands mounted in the slots converge toward 
the centers and diverge toward the edges of the blocks. In 
the embodiment illustrated, bottom walls 19 are arcuately 
curved along their length, but they can have any other 

35 suitable contour, preferably one which provides gradual con- 
vergence and divergence of the fiber optic strands with 
no sharp bends or abrupt changes in direction. In the 
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schematic"' illustration of the drawings-, the bottom walls 
are illustrated as being flat in cross section. However, 
they may be curved or have any other desired cross section. 

5 Toward the centers of the blocks, the depth of slots 18 is 
less than the diameter of strands 1 1 , and the outer portions 
of the fiber optic material are removed evenly with sur- 
face 17. At the edges of the blocks, the depth of the slots 
is preferably at least as great as the diameter of the 

10 strands so that none of the cladding is removed at these 
points. Thus, the amoxint of fiber optic removed increases 
gradually from^zero toward the edges of the blocks to a' 
. maximum toward the centers of the blocks. Removal of. the 
material permits each core to be positioned within the 

15 evanescent field of the other whereby light is transferred 
between the two fibers . The evanescent fields- extend into 
the cladding and decrease rapidly with distance outside 
the core in which they originate. The tapered removal of 
' • material enables the fibers to converge and diverge gradu- 

20 ally, and this is impiortant in avoiding backward reflection 
and excess loss of the incident light energy. 

. Applicants have discovered that the am'oiuit of material re- 
. moved must be carefully controlled to provide proper coup- 

25 ling between the fiber optic strands. If too little clad- 
ding is removed, the strands cannot be brought close enough 
together, and insufficient coupling will result. If too 
much ' material is removed, the propagation characteristics 
of the fibers will be altered, and improper operation will 

30 result, e.g. back reflection and loss of light energy. When 
the spacing between the core portions of the strands is 
within a certain predetermined "critical zone"', however, 
each of the strands receives a significant portion of the 
evanescent energy from the other strand, and optimum coup- 

35 ling is achieved without the undesirable effects asso- 
ciated with removal of top little or too much of the fiber 
optic material. 
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The extent of the critical zone for a particular coupler is 
dependent upon a number of interrelated factors such as the 
parameters of the fiber itself and the geometry of the 
coupler, and with single mode fiber-optic strands having 
5 a step index gradient, the critical zone can be quite 
narrow. In a single mode coupler of the type shown in 
Figures 1-4, for example, the required center-to-center 
spacing between the strands at the center of the coupler 
is typically less than a few (e.g. 2 to 3) core diameters. 

10 

An interaction region 23 is formed at the junction of the 
strands, and in this region light is transferred between 
the- two- strands. The amount of light transferred is depen- 
dent upon. the proximity and orientation of the cores / as 

15 well as the length of the region of interaction. The length 
of that region is, in turn, dependent upon the radius of 
curvature of bottom walls 19 and the spacing between the 
cores. In one pr.esently preferred embodiment employing an 
edge-to-edge core spacing* on the order of magnitude of the 

20 core diameter, the radius of curvature is on the order of 
1 "meter, and - the interaction region is approximately "2 , 5 
millimeters long. With these dimensions, the light makes 
only one transfer between the streinds as it travels through 
the interaction region. However, if desired,- a longer inter- 

25 action, region can be employed, in which case the light will 
transfer back and forth between the two strands as it 
travtels through the region. These additional transfers can 
provide increased sensitivity to motion for some types of 
switching, e.g. translation or acoustic. If desired, the 

30 length of the interaction region can be increased without 
increasing the .number of transfers if the separation bet- 
ween the cores is increased by a corresponding amount. 

A film of fluid (not shown) is provided between the con- 
35 fronting surfaces of block 16. This fluid serves the dual 
function of matching refractive indexes and preventing the 
optically flat surfaces of the blocks from becoming per- 
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The amount of coupling between the fibers is adjusted by 
changing the relative positions and/or orientatiohs of the 
5 fiber cores in the interaction region. The primatjr" adjust- 
ment is provided by translating the blocks in a direction 
perpendicular to the axis of the fibers. Additional adjust- 
• ments can be made by translating the blocks in a direction 
parallel to the fiber axis and by rotating the blocks about 
10 an axis perpendicular to the fiber axis. One of the blocks 
can be mounted in a fixed position, and the other can be 
mounted on a carriage having micrometer screws for making 
the translational and rotational adjustments. 

15 The coupler has four ports labelled A-D in Figure ^, with 
ports A, B- at opposite ends" of one of the fibers and ports 
C, D at opposite ends of the other fiber. In the following 
discussion, it is assumed that input light of suitable 
wavelength (e.g. 1,15 micron) is applied to port A. This 
light passes through the coupler and is delivered to port B 
and/or port D, depending upon the coupling ratio fojr which 
the coupler is set. 

The -coefficient of coupling is defined as the rati-o of 
25 power at output port D to the power at input port A. In one 
example of a coupler having the dimensions given above, as 
much as 85 % of the input power at port A has been observed 
to be. delivered to port D. In principle, however, loo % 
coupling is possible, and the amount of coupling can be 
30 adjusted to any desired value between zero and the 100 % 
maximum. Thus, the coupler has a high, widely adjustable 
coefficient df coupling. 

The coupler also has a very low throughput loss and very 
35 good directivity. The throughput loss in the above example 
is less than 0,2 dB. The directivity is defined as the 
ratio of the power at port D to the power at port C, with 



20 
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the input applied to port A. With this coupler, the power 
at port D is greater than 60 dB above the power at port C. 
Thus, substantially all of the power applied to input port 
A is delivered to the output ports B and D. 

5 

The -coupler also has excellent polarization response in 
that it will pass light of any polarization almost equally 
well. Thus, the characteristics of the coupler are sub- 
stantially independent of polarization. 

10 

In one presently preferred method of manufacture/ the • 
coupler of Figures 1-4 is made by first grinding the oppo- 
site faces 17, 26 of blocks 16 flat and parallel. Slots 18 
are then cut through faces 17 .to a uniform depth greater 

15 than the diameter of the fiber optic strands. The bottom 
walls of the slots are then shaped to provide the desired 
contour. The shaping. is preferably such that the depth of 
the slots at the edges of the blocks is at least one half 
of a fiber core diameter greater than the depth at the 

20 centers of the slots. 

Once the slots have been formed, epoxy glue 21 is placed 
therein, and strands 11 are placed in the slots with the 
glue. Weights are then attached to the ends of the strands 

25 to tension the strands and draw them tightly against the 
bottom walls of the slots. The entire assembly is then 
heated in an oven to cure the glue, typically at a tempera 
ture on the order of 70° C for about 10 hours. With the 
epoxy glue, it is very important that the heat be applied 

30 and removed gradually in order to prevent breakage of the 
fibers within the slots. This can be accomplished by 
placing the blocks in the oven before it is energi2ed and 
leaving them in the oven until it has cooled down to room 
temperature after the heating process. When the heating is 

35 completed, the weights are removed to release the tension 
in the fibers. 
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Once the fibers have been mounted in the slots, faces 17 
are lapped parallel to faces 26 until they intersect the 
cladding of the fibers, forming elongated oval shaped flat 
surfaces on the outer sides of the fibers. The widths of 
5 these oval shaped areas are measured to determine the 

positions of the, fibers relative to block surfaces 26, and 
thereafter these svurfaces serve as references for locating 
the core portions of the fibers. By meastiring the lengths 
of the oval shaped areas at different depths of cuts, the 
10 radii of curvature of the fibers can be determined. The 
lapping process continues until the cladding has been re- 
moved "to within about 3 microns of the desired distsuice 
from the cores, as determined by direct measurement of the 
thickness of the blocks. The final three microns are re- 
15 moved by polishing. 

The polished surfaces of the blocks are then placed to- 
gether, with the cut-away portions of the fibers facing 
each other'. The confronting faces* of the blocks are sepa- 
20 rated by a distance on the order of 0,5 micron or les^, 

and optical oil is introduced between the blocks by ^.apil- 
lary action. 

In" the embdfliment heretpfore described, slots 18 are formed 
25 by cutting into the surfaces of the blocks. It should be 
understood, however, that the slots can be formed by other 
means such as building up areas on the blocks or joining 
two or more blocks together and that the slots can have 
other shapes, e.g. V-grooves. Likewise, techniques other 
30 than cementing might be employed to bond the fibers to the 
blocks, e.g. indiiara bonding. Similarily, the material can 
be removed from the blocks and the cladding by other suit- 
able techniques, such as etching and photolithography. 



In the embodiment of Figures 5-6, a plurality of fiber optic 
strands 31 similar to strands 11 are affixed to bases or 
blocks 32 and positioned to provide a plurality of inter- 
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action regions 33 between corresponding pairs of the 
strands on the two blocks. In this embodiment, the cores 
of the fibers are designated by the reference numeral 36^ 
and the claddings are designated 37, 

5 

As illustrated,- bases- 32 comprise generally rectangular 
blocks of quartz or other suitable rigid material having 
confronting faces or surfaces 38 and outer faces or siir- 
faces 39. The central portions 41 of surfaces 38 are planar 

10 and parallel to surfaces 39, and toward the edges of the 
blocks surfaces 38 curve away from central portions 41. 
The length of interaction regions 33 is determined by the 
length of planar central portions 41 and the radius of 
curvature of the end portions of surfaces 38,* as well as 

15 the core spacing of the fibers. 

Fibers 31 are moiinted on surfaces 38 and affixed thereto 
by suitable means such as epoxy glue 42, or other suitable 
cement. As in the embodiment of Figures 1-4, the material 
20 on the outer sides of the fibers is removed gradually from 
zero toward the edges of the blocks to within the critical 
zone toward the centers of the blocks by lapping and 
polishing in a direction parallel to surfaces 38, 39. 

25 Operation and use of the embodiment of Figures 5-6 is 
similar to that of the coupler of Figures 1-4, and the 
amount of coupling between the aligned pairs of strands on 
the two blocks can be adjusted by translation and rotation 
of the blocks. 

30 

In one presently preferred method of manufacture for the 
•coupler of Figures 5-6, the surfaces of blocks 32 are first 
ground flat and parallel. Thereafter, the desired curva- 
tures are formed toward the outer edges of surfaces 38. The 
35 glue is then applied to the contoured surfaces, and the 
fiber optic strands are placed on the blocks and pressed 
against surfaces 38 while the glue cures. If heating is re- 
quired to cure the glue, the heat should be applied and 
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removed gradually to avoid breakage of the fibers. 

When the glue is cured., the inaterial on the outer sides 
of the strands is removed by lapping and polishing in a 
5 direction parallel to surfaces 38, 39. The distance bet- 
ween the lapped and polished surfaces and the cores of the 
fibers is determined by measurement of the distances bet- 
ween these surfaces and* outer surfaces 39. Removal of the 
material in this manner provides a gradual tapering of the 
10 fibers into and out of the interaction regions. In this 
. embodiment, the adjacent fibers on each block provide \ 
lateral support for each other and serve as a guide in the 
grinding and polishing steps. 

15 When the desired amount of material has been removed, the 
. blocks are Superposed with surfaces 38 facing each other 
and the corresponding strands on the two blocks aligned to 
form a plurality of coupler pairs. 

20 As illustrated in Figure 7, a coupling device 10 of the 
type heretofore described -can ie utilized to provide 
dynamically' variable coupling in a fiber optic system. In 
this embodiment, suitable transducers or drivers 51 , 52 are 
connected t© upper block 16 for translating that block back 

25 and forth relative to the lower block along axes 53, 54' in 
directions perpendicular and parallel to the cixes of the 
fibers. A similar transducer or driver 56 is also connected 
to the tipper block for moving that block along an axis 57 
in a direction perpendicular to axes 53, 54 to vary the 

30 spacing between the blocks. A fourth transducer 58 provides 
relative rotation of the blocks about axis 57. By varying 
the relative positions and/or orientations of the blocks 
and the fiber cores in the interaction region, one or more 
of the transducers vary the amount of coupling between the 

35 fibers in accordance with signals applied to the transducers. 
These transducers can be of any suitable design, including 
piezoelectric transducers and other known electro-mechanical 
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transducers. 

The system illustrated in Figure 7 can be employed as a 
variable coupler in which the coefficient of coupling is 
5 controlled by voltages or other suitable control signals 
applied to the transducers. The system can also function as 
a modulator if a time varying voltage or other suitable 
modulation signal is applied to the transducers, 

10 It is apparent from the foregoing that a new and improved 
coupler has been provided for use in both single mode or 
multimode fiber optic systems. The coefficient of coupling 
can be adjusted over a wide range, permitting input light 
to be divided as desired between two output ports. The 

15 coupler has a low throughput loss and a very high direc- * 
tivity so that substantially all* of the light input is de- 
livered to the output ports. The operating characteristics 
of the coupler are substantially independent of polari- 
zation. The coupler is mechanically stable and durable so 

20 that it can be employed in a variety of environments. If 
adjustability is not desired, the blocks can be- bonded' to- 
gether to provide a fixed coupler. 

It is apparent from the foregoing that a new- and improved 
25 fiber optic directional coupler and method of manufacture 

have been provided. While only certain presently preferred 
. embodiments have been described in detail, as will be 

apparent to those familiar with the art, certain changes 

and modifications can be made without departing from the 
30 scopQ of the invention. 
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FIBER OPTIC DIRECTIONAL COUPLER 
Claim 

5 A fiber optic directional coupler, comprising first and 
second strands (11) of single mode fiber optic material 
having a portion of the cladding (37) removed from one 
side thereof /means (16) positioning the strands together 
with the portion of the strands where the cladding is re- 

10 moved in close facing proximity td each other- to form a 
region (33) of interaction in which light is transferred 
between the strands, said strands diverging away from each 
other at the ends of the region of interaction, and the 
spacing between the core portions of the strands and the 

15 length of the region of interaction being such that the 
light makes a single transfer between the strands in the 
region of interaction. 
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